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2 S. J. Warren, P. C. Hewett, C. B. Foltz
ing a large KX survey for damped Ly galaxies and grav-
itational lenses using the planned UKIRT wide{eld near{
infrared camera.
1.1 Quasars and cosmology
Samples of distant quasars that are bright at optical wave-
lengths have proven valuable in a number of areas in extra{
Galactic astronomy and cosmology. Here we focus on the
use of quasars for i) charting the history of star formation
with lookback time through surveys for damped Ly (DLA)
galaxies (Pei and Fall 1995), and ii) determining the geome-
try of the Universe from the measurement of the frequency of
gravitational lensing (Fukugita, Futamase and Kasai 1990,
Turner 1990). The eects of dust in the intervening galax-
ies are crucial to the interpretation of such studies. Sur-
veys for quasars at optical wavelengths are very susceptible
to extinction, because the observed passband corresponds
to the rest-frame ultraviolet at moderate redshift and be-
yond. Utilising near{infrared wavelengths produces a sig-
nicant improvement. For example, a high{redshift quasar,
z  3, behind a DLA system at z = 2:5 with (rest{frame)
E(B   V ) = 0:2mag would suer 2:8mag extinction in
the observed{frame B{band but only 0:5mag at K. (Except
where otherwise noted all extinction calculations assume an
LMC{like extinction curve below 0:33 rest{frame (Howarth




1.1.1 Damped Ly galaxies and the Universal history of
star formation
To measure the history of gas consumption by star formation
in the Universe, quasars are used as background sources of
light and their spectra are searched for DLA absorption lines
caused by intervening clouds with a high column density of
neutral hydrogen. Bright quasars are needed to provide suf-
ciently high signal{to{noise ratio spectra to measure the
absorption line properties of the intervening gas. The fre-
quency and column densities of the DLA absorption lines




, (Wolfe 1987). Since dusty DLA absorbers can be
missed because the quasar will be dimmed by extinction be-
low the ux limit chosen for the spectroscopic observations,
the procedure is only valid provided the obscuring eects of
dust are taken into account. The measured decline of 

HI
with time, corrected for the eects of dust, can be related
directly to the history of star formation (under assumptions
about the exchange of gas between the neutral and ionised
gas phases).
Pei and Fall (1995) have made the most detailed and
complete analysis of this problem. To account for the ef-
fects of dust they made the simplifying assumption that all
absorbers at the same redshift have the same dust{to{gas
ratio. By including in their treatment a term specifying the
mean metallicity, Z(z), of the DLA absorbers they success-
fully computed models of cosmic star formation and chem-




, while allowing, in a self{consistent man-
ner, for the selection eect of the increasing obscuration due
to dust as star formation progresses. The outputs of the cal-




rate of star formation and the metallicity of the gas.
Pei and Fall conrmed that a modest range in the dust{
to{gas ratio in DLAs at any redshift does not greatly alter
their results. The actual range in the dust{to{gas ratio is dif-
cult to measure, because any dusty DLAs will have been
missed. Boisse et al (1998) provide a discussion of this is-
sue and present evidence for a bias against dusty DLAs in
the current samples. Therefore, it appears at least possi-
ble that the actual range in dust{to{gas ratios is large, and
that many dusty DLAs have evaded the census, which would
mean that our picture of the history of gas consumption is
incorrect. A large sample of DLAs selected from spectra of a
sample of quasars ux{limited in the K{band would provide
the data for a proper treatment of the eects of dust.
1.1.2 Gravitational lenses and the value of the
cosmological constant
Fukugita et al (1990) and Turner (1990) show that for at







the probability that a quasar is gravitationally lensed is
more than an order of magnitude greater for large values
of the cosmological constant  (






 0). Therefore, counting the fraction of gravita-
tional lenses in a sample of quasars is in principle a powerful
method for establishing the global geometry of the Universe.
In practice the calculations necessary are quite involved (e.g.
Maoz and Rix 1993, Kochanek 1996) but the conclusion of
most analyses has been that the statistics of lensed quasars
and AGN are inconsistent with a large value for the cosmo-
logical constant. For example Falco, Kochanek and Munoz
(1998) provide the 2 limit 


< 0:62. However, in a re-




 0:7. The dierence between these results is largely
explained by uncertainties in the properties of the lensing
galaxies (velocity dispersions, space densities), which prob-
ably prohibit a denitive answer until they are better estab-
lished. Another potentially signicant source of uncertainty
is our lack of knowledge of the evolution of massive galaxies,
in particular their merging history.
All calculations agree that massive early{type galax-
ies dominate the lensing cross{section. Locally, most early{
type galaxies contain little dust so the existence of a num-
ber of highly reddened, lensed, quasars (e.g. MG0414+0534,
Lawrence et al 1995) is something of a puzzle. The redden-
ing may be intrinsic to the quasar but reddening due to dust
in the lensing galaxy is also a possibility. The lensing cross{
section of massive spiral galaxies may have been underes-
timated, or early{type galaxies at redshifts 0:5 < z < 1:0
could be substantially dustier than those seen locally. In
either case if a population of dusty galaxies contributes sig-
nicantly to the lensing cross section at these redshifts, then
samples of gravitational lenses drawn from optical samples
of quasars would be signicantly incomplete, producing an
underestimate of the value of 


. The uncertainty over the
eect of dust on the lensing statistics could be greatly re-
duced by searching for gravitational lenses in a K{band,
ux{limited sample of quasars.
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Figure 1. Comparison of the optical{to-near{infrared spectral energy distribution of quasars and stars, illustrating the principle of the
KX method. The ux scale is arbitrary, but the same for both plots. Each plot shows an extended version of a composite quasar spectrum
(Francis et al 1991) and a star (Buser and Kurucz 1992, Kurucz 1979) with similar V-J colour. The V, J and K lter transmission curves
are overplotted. The upper plot shows the spectra of an unreddened z = 3 quasar (solid line) and an early K star (dotted line). The K
excess is clearly visible. The lower plot shows the same quasar experiencing rest{frame extinction of E(B   V ) = 0:3 in an intervening
system at z = 2:5. The spectrum of an early M{star, having a similar V-J colour, is shown for comparison. Again, a substantial K excess
is apparent, demonstrating the eectiveness of the KX method in identifying both unreddened and reddened quasars.
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1.2 Red quasars
Quasars have been detected at all wavelengths from gamma{
rays to radio waves and they produce a signicant fraction
of their energy output over many decades in frequency. Fur-
thermore, the proportion of the total energy radiated at
dierent frequencies varies substantiallly among the quasar
population. A deep survey at, say, optical wavelengths could
miss quasars where the bulk of the energy is emitted in, say,
the far{infrared, and vice versa. To characterise the bolomet-
ric energy output of the quasar population it is necessary to
undertake surveys at several wavelengths that include signif-
icant contributions from the dierent components that make
up the quasar spectrum (Hewett and Foltz, 1994). The im-
portance of undertaking surveys at multiple frequencies is
illustrated by Webster et al (1995), who claim that, due to
the eects of extinction, the bulk of the quasar population
has gone undetected in optical surveys. This conclusion is
nevertheless controversial (e.g. Benn et al 1998) and surveys
for quasars in the K band would provide a direct test of the
hypothesis by establishing the fraction of reddened quasars
that are under{represented in optical samples.
2 THE KX METHOD
The KX method exploits the fact that, by comparison with
a star with the same V-J colour, quasars are redder in J-K so
the two populations separate in the two{colour diagram for
point sources. The upper plot in Figure 1 shows the spec-
trum of a quasar of redshift z = 3 and the V, J and K
lter transmission curves. Overplotted is the spectrum of
an early K{star, chosen because its V-J colour is similar
to the quasar. The excess ux of the quasar in the K band,
amounting to  0:5mag, is evident. The lower plot in Figure
1 shows the eectiveness of the KX method in detecting also
reddened quasars. The quasar spectrum of the upper plot
has been reddened as appropriate for an absorbing cloud at
z = 2:5 with rest{frame E(B V ) = 0:3. Overplotted is the
spectrum of an M{star, chosen for the match in V-J colour.
The excess ux of the quasar in the K band is again clearly
visible.
The KX method in practice is illustrated in Figure 2
which is a VJK two{colour diagram showing the location of
Galactic stars () and quasars (). The stellar photometry
was taken from the list of bright UKIRT standards for which
the quoted photometric errors are 0:015 in J-K and 0:05 in
V-J. The VJK quasar photometry (Hewett et al, in prepara-
tion) consists of 152 quasars, 0:2 < z < 3:4, from the Large
Bright Quasar Survey (Hewett, Foltz and Chaee 1995) and
20 quasars, 2:0 < z < 3:4, 16:5 < V < 19:5, used in studies
of DLA absorbers (e.g. Pei, Fall and Bechtold 1991; Table
1). For clarity, individual error bars are not plotted but the
photometric errors are nearly all  0:15mag in each colour.
The V photometry was not in general acquired at the same
epoch as the infrared magnitudes and an additional scatter
of  0:1mag, due to intrinsic photometric variability in the
quasars, will be present in the V-J colour for many of the
objects.
A possible selection boundary, J K > 0:36 (V  J) +
0:18, discriminating the quasars from the sequence of stars
is shown by the dashed line. All but one of the 172
Figure 2. VJK two colour diagram for stars () and
quasars () illustrating the KX technique. The stellar pho-
tometry was taken from the list of bright UKIRT stan-
dards at http://www.jach.hawaii.edu/UKIRT/astronomy/calib/
bright stds.html. The quasar photometry consists of our own mea-
surements of 172 quasars, redshifts 0:2 < z < 3:4, magnitudes
B < 19, representative of objects identied using optical sur-
vey techniques. Photometric errors for the stars are similar to
or smaller than the symbol size while representative errors for
the quasars are shown at top right. Reddening vectors are shown
for 5 dierent redshifts of the absorber and are computed for
rest{frame E(B   V ) = 0:1 using the LMC extinction curve.
The possible selection boundary, indicated by the dashed line, is
J  K > 0:36 (V  J) + 0:18. The reddening vectors are approxi-
mately parallel to the selection boundary, so the eectiveness of
the method is largely insensitive to the eects of reddening pro-
vided a quasar is included in the ux{limited sample. The triangle
marks a quasar of redshift z = 4:5 discussed in the text.
quasars plotted, z < 3:4, lie to the right of the selection
line shown. The quasar to the left of the selection line is
LBQS1212+1445, a broad absorption line object at red-
shift z = 1:63. The K{photometry for this object in the
UKIRT dataset that provides many of the infrared magni-
tudes shown in Figure 1 is 0:4mag fainter than an obser-
vation made with the Multiple Mirror Telescope (MMT).
While the use of the MMT K{magnitude would move the
object 0:4 mag rightward into the well populated portion
of the plot there is no indication of anything amiss with
the UKIRT K-band magnitude and for consistency we have
plotted the J-K colour from the UKIRT observations.
Also shown In Fig. 2 are the reddening vectors for an
intervening absorber with an LMC extinction curve, of rest{
frame E(B V ) = 0:1, at ve dierent redshifts. Each vector
c
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runs approximately parallel to the stellar locus, so reddened
quasars can also be detected by this method.
?
Given ad-
equate signal{to{noise ratio,  10, in the estimate of the
object colours the KX method should identify nearly all
quasars found in optical samples, whether reddened or not,
above the K{band ux limit.
Application of the KX method in practice will require
good quality images in order to separate point sources from
galaxies, because the colour distribution of faint galaxies
overlaps that of quasars (this is also true of the UVX
method). A potential diÆculty which we have not addressed
is the brightness of the quasar host galaxy. The contribution
to the total ux of the host galaxy will in general be larger in
the K band than in the optical so lower luminosity quasars
might be excluded from a catalogue of point sources. How-
ever, this is not an issue for the bright ux levels considered
in x3.
The VJK combination is so eective because the spec-
tral energy distribution of stars with similar V-J colours to
quasars (principally those of spectral types K and M) turn
over in the H band (Fig. 1). The J and K bands straddle the
break point, providing the discriminatory power of the tech-
nique, so utilising H{band magnitudes in place of J or K is
not viable. A limit to the eectiveness of the KX method us-
ing V, J, and K passbands occurs at redshifts z > 3:5 where
absorption by the Ly forest is present over much of the
wavelength range included in the V{lter. Quasars start to
become redder in V-J, moving vertically in the VJK diagram
and approaching the stellar locus. In Figure 2 the triangle
marks the colours of a quasar of redshift z = 4:5, which lies
below the colour selection boundary because of this absorp-
tion. Substituting the R or I lter for V would extend the
eectiveness of the KX method to redshifts beyond z = 4.
At the end of this section we reemphasise the dierence
between the eects of reddening and extinction on the com-
pleteness of quasar surveys. Some optical survey methods,
including the multicolour method and emission-line searches
(but excluding the UVXmethod), are also largely insensitive
to reddening. The advantage of the KX method over all opti-
cal survey methods is the reduced extinction in the K band,
rather than simply the ability to nd reddened quasars, i.e.
a much larger fraction of quasars suering extinction will be
included in the K{band, ux{limited sample.
3 A KX SURVEY WITH THE UKIRT
WIDE-FIELD NEAR-INFRARED CAMERA
The proposed UKIRT wide{eld near{infrared camera will
image 0.2 square degrees per exposure. One of its goals is
a moderately deep survey over a substantial fraction of the
area of the Sloan Digital Sky Survey (SDSS) accessible by
UKIRT, i.e. thousands of square degrees, to a depth of K=19
with a signal{to{noise ratio of  10. Such a survey would
contain many thousands of quasars. Here we consider the
?
We checked that this conclusion also holds true for the UV
extinction curves for the SMC (Prevot et al. 1984) and for the
Galaxy (Mathis 1990). In the case of the SMC at high redshift
the reddening vectors are a little steeper than those for the LMC,
while for the Galaxy the vectors are a little shallower.
eectiveness of this survey for nding damped Ly galax-
ies and gravitational lenses, especially examples where the
background quasar had been dimmed by dust in the inter-
vening galaxy.
3.1 Damped Ly galaxies




quasars, since for ground{based spectroscopy DLAs are only
detectable at z > 1:8. The number of DLAs catalogued in
the literature is approaching 100. Therefore, to provide a
substantial advance, a survey that produces more than 300
DLAs is desirable. For a given survey area we can compute
the K-band ux limit that will provide suÆcient quasars to
produce a sample of DLAs of this size. We can then verify
that this ux limit is suÆciently bright, say R 20, to allow
high{resolution spectroscopy on an 8{metre class telescope
for the measurement of the absorber metallicities.
For the calculation we take an area of 4000 square de-
grees over a region in common with the SDSS. An advantage
of covering the SDSS area is that low{resolution spectra of
most of the bright KX{selected quasar candidates will exist
in the SDSS database. Taking the quasar luminosity func-
tion of Warren, Hewett and Osmer (1994) we can compute
the surface density of high{redshift quasars as a function of
R magnitude. We then convert to K assuming a mean colour
of R-K=2.2. We then estimate the number of DLAs by as-
suming a line density dn=dz = 0:055(1 + z)
1:15
(Wolfe et al.
1995) and supposing that DLAs can be detected from the
quasar emission redshift down to z = 1:8.
Over 4000 square degrees, to K=16.0, we estimate there
would be  2300 high{redshift, z > 2:2, quasars with over
500 detectable DLAs. If there is a serious bias in existing
optical samples of DLAs the number of DLAs detected will
be larger. Since K=16.0 corresponds to R=18.2 for a typical




the optical, would still be bright enough for high{resolution
spectroscopic follow{up.
An alternative strategy could be to use radio{selected
quasars to undertake a survey for DLAs unbiased by ex-
tinction due to dust. There are two disadvantages to this
approach. Firstly there are insuÆcient high{redshift radio
quasars to yield a sample of DLAs of the size envisaged
here. Secondly, a signicant fraction of the quasars will be
very faint in the optical, precluding high{resolution spec-
troscopy, yet it is essential to survey the spectra of all the
quasars for the sample to be unbiased. Nevertheless, any
subset of quasars suering very large extinctions that still
elude the K{band ux{limited selection could be identied
in a radio survey.
3.2 Gravitational lenses
Excluding lensing by galaxy clusters, there are currently
only some 40 examples of strong gravitational lensing known
(http://cfa{www.harvard.edu/castles/). For the same survey
for bright quasars considered above, K < 16:0, counting
quasars of all redshifts there will be over 10000 quasars over
the 4000 deg
2
survey area. For a typical quasar colour V-
K=2.5 the survey magnitude limit is equivalent to V=18.5.
Therefore the apparent magnitudes of the quasars will be
c
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similar to the apparent magnitudes of the quasars observed
in the HST snapshot survey (Maoz et al 1993) which have
V = 18:0  0:8. There are ve cases of gravitational lens-
ing amongst the 502 quasars imaged in the snapshot survey.
Because the apparent magnitudes are similar we can use
the results of the snapshot survey to estimate the number
of lenses in the UKIRT survey by assuming that 1% of the
quasars are lensed (the fraction of lenses in a sample de-
pends on the sample depth because of magnication bias).
Therefore the UKIRT survey should produce roughly 100
gravitational lenses. The number of lenses detected could be
larger than 100 if bias due to dust is important.
It is unlikely that the image quality achieved in the sur-
vey will be good enough to detect examples of gravitational
lensing where the image separation is less than 0:5 arcsec.
Sensitivity to separations as small as 0:2 arcsec could be
achieved by later imaging all the bright quasars using adap-
tive optics. The fraction of lenses in a K-selected sample
could be increased in two ways. Firstly, a sample of simi-
lar size could be obtained by surveying a larger area of sky
but to a brighter magnitude limit, thereby increasing the
magnication bias. Alternatively, follow{up high{resolution
imaging could be limited to quasars of high redshift, since
the probability that a quasar is lensed increases with red-
shift.
The interpretation of a survey for gravitational lenses
requires knowledge of the quasar luminosity function at
magnitudes fainter than the search limit, since the lensed
quasars have been magnied. A potential drawback of the
KX method is contamination of the sample of candidate
quasars at faint magnitudes by compact galaxies that mor-
phologically cannot be distinguished from stars. Neverthe-
less, at these fainter magnitudes where the surface densities
are higher it will be feasible to measure the quasar lumi-
nosity function based on spectroscopic surveys of complete
ux{limited samples (i.e. with no colour or morphological
selection) using multi{object spectrographs. One advantage
of K{band surveys for gravitational lenses over radio surveys
such as CLASS (Jackson et al 1998) is the ease with which
the redshift distribution of the unlensed source population
can be measured.
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